Dual leucine zipper kinase (DLK) promotes growth cone motility and must be restrained to ensure normal development. PHR (Pam/ Highwire/RPM-1) ubiquitin ligases therefore target DLK for degradation unless axon injury occurs. Overall DLK levels decrease during development, but how DLK levels are regulated within a developing growth cone has not been examined. We analyzed the expression of the fly DLK Wallenda (Wnd) in R7 photoreceptor growth cones as they halt at their targets and become presynaptic boutons. We found that Wnd protein levels are repressed by the PHR protein Highwire (Hiw) during R7 growth cone halting, as has been observed in other systems. However, as R7 growth cones become boutons, Wnd levels are further repressed by a temporally expressed transcription factor, Tramtrack69 (Ttk69). Previously unobserved negative feedback from JNK also contributes to Wnd repression at both time points. We conclude that neurons deploy additional mechanisms to downregulate DLK as they form stable, synaptic connections. We use live imaging to probe the effects of Wnd and Ttk69 on R7 bouton development and conclude that Ttk69 coordinates multiple regulators of this process.
INTRODUCTION
The pattern of connectivity among neurons depends upon the behavior of growth cones, motile structures at the tips of axons. Growth cones extend, turn, pause and retract as they navigate specific pathways, halt upon contacting the appropriate target cells, and ultimately become stationary presynaptic boutons. Although much of this behavior is regulated by extrinsic cues (Lowery and Van Vactor, 2009; Vitriol and Zheng, 2012) , cell-intrinsic factors also play a crucial role in regulating the growth cone cytoskeleton (Goldberg, 2004; Moore and Goldberg, 2011; Mar et al., 2014; Steketee et al., 2014) . In particular, dual leucine zipper kinase (DLK), a mitogen-activated protein kinase kinase kinase (MAP3K), is a potent cell-intrinsic regulator of microtubule dynamics. DLK levels increase in response to axon injury and promote growth cone assembly and extension by activating the MAPKs JNK and p38 (Nakata et al., 2005; Collins et al., 2006; Hirai et al., 2006; Lewcock et al., 2007; Eto et al., 2010; Xiong et al., 2010; Nix et al., 2011; Klinedinst et al., 2013) . Although loss of DLK has only subtle effects on normal development (Collins et al., 2006; Fernandes et al., 2014; Shin and DiAntonio, 2011; Wang et al., 2013) , DLK overexpression cell-autonomously disrupts axon connectivity by causing growth cones to extend beyond their targets (Lewcock, et al., 2007; Wang et al., 2013; Baker et al., 2014; Opperman and Grill, 2014) . DLK activity is therefore normally limited by PHR family E3 ubiquitin ligases, which target DLK for degradation in the absence of injury (Liao et al., 2004; Nakata et al., 2005; Collins et al., 2006; Wu et al., 2007; Brace et al., 2014) . DLK levels have been reported to decrease during development (Collins et al., 2006; Eto et al., 2010) , suggesting that PHR or other mechanisms progressively downregulate DLK as neurons form stable connections. However, this has not been tested.
To test whether DLK is indeed temporally regulated in growth cones, we studied the R7 photoreceptor neurons in the Drosophila eye. R7 growth cone motility decreases in two main phases (Ting et al., 2005; Kniss et al., 2013; Chen et al., 2014; Özel et al., 2015) : (1) after extending from the retina, R7 growth cones halt within a specific layer in the medulla but remain expanded with multiple dynamic processes; and (2) as the R7 axons lengthen by passive stretch growth, their growth cones gradually decrease in volume, their processes decrease in number and motility, and they ultimately become smooth, stationary boutons. We expected that the Drosophila DLK Wnd would be repressed by the PHR Hiw during halting (phase 1), as in other systems, but wondered whether Wnd is then further downregulated to allow development into boutons (phase 2) to occur.
Here, we show that, as expected, R7 growth cones require Hiw during phase 1 to repress and thereby prevent Wnd from disrupting R7 growth cone halting. However, we find that Hiw is not required during phase 2. Instead, a transcription factor, Ttk69 (Ttk -FlyBase), that is specifically expressed during phase 2 (Kniss et al., 2013) acts redundantly with Hiw to ensure that Wnd levels remain low as R7 growth cones become boutons. In contrast to the JNK-dependent positive feedback that has been observed during axon injury in mammalian cell culture (Huntwork-Rodriguez et al., 2013) , we show that during both phases of R7 development, Wnd protein levels are repressed by JNK-dependent negative feedback. Finally, we use live imaging to show that Wnd overexpression and Ttk69 loss have overlapping but distinct effects on the behavior of R7 growth cones as they become presynaptic boutons. We conclude that neurons can use temporal factors in addition to Hiw to increase the repression of Wnd as their connections become more stable, and that in R7s the temporal factor Ttk69 promotes the development of growth cones into boutons by repressing multiple regulators of growth cone dynamics.
RESULTS
Wnd protein is downregulated independently of Hiw in R7 growth cones as they become presynaptic boutons individual neurons progressively downregulate DLK as their growth cones lose motility. To test this, we examined Wnd levels in R7 growth cones. We anticipated that, as in other systems, R7 growth cones would use Hiw to repress Wnd as they halt at their target layer [24 h after puparium formation (h APF)]. However, we wanted to know whether Wnd is repressed further in R7 growth cones as they become stationary boutons (60 h APF). We therefore used anti-Wnd antibodies to quantify Wnd levels in R7 growth cones at these time points; we were unable to analyze actively extending R7 growth cones because of their location and orientation. At 24 h APF, we found that anti-Wnd staining in wild-type R7 growth cones is indistinguishable from that in wnd mutants (Fig. 1A ,A′,E; Fig. S1D ,D′), which have previously been shown to be protein null (Wu et al., 2007) , but that loss of hiw increases Wnd levels significantly (Fig. 1B,B′,E) . We conclude that, as expected, Hiw is required to repress Wnd during R7 growth cone halting.
At 60 h APF, anti-Wnd staining in wild-type R7 growth cones is again low and indistinguishable from that in wnd mutants (Fig. 1C ,C′,E); any potential decrease from 24 h APF levels is therefore below our level of detection. However, loss of hiw causes a much smaller increase in Wnd (Fig. 1D ,D′,E). Wnd levels therefore decrease significantly in hiw mutant R7 growth cones between 24 and 60 h APF. We conclude that Wnd is downregulated by a Hiw-independent mechanism as R7 growth cones become boutons.
During R7 growth cone halting, Wnd must be repressed by Hiw to prevent extension beyond the correct target layer
We next compared the effects of increased Wnd during halting and bouton development. We anticipated that, as in other systems, increased Wnd during halting might cause R7 growth cones to project beyond their normal target layer (Schaefer et al., 2000; Lewcock et al., 2007; Yan et al., 2009; Wang et al., 2013; Baker et al., 2014; Opperman and Grill, 2014) . We used either the photoreceptor-specific chaoptin-Gal4 (chp-Gal4; Fig. 2A-D′) or the R7-specific PM181-Gal4 (Fig. S2A-B″) driving UAS-mCD8-GFP to label R7 axons in wild-type and hiw mutant brains at 24 h APF. We found that R7 growth cones in hiw mutants halt at the correct target layer but are abnormally elongated (a hallmark of forward-moving growth cones; Godement et al., 1994) and frequently extend long, thin processes beyond their targets (Fig. 2B , B′,E,F; Fig. S2B -B″). Because PHR proteins can have DLKindependent effects (Burgess et al., 2004; D'Souza et al., 2005; McCabe et al., 2004; Collins et al., 2006; Bloom et al., 2007; Grill et al., 2007; Li et al., 2008; Brace et al., 2014) , we verified that the upregulation of Wnd in hiw mutants is responsible for disrupting R7 growth cone halting: loss of wnd from hiw mutants fully rescues the overextensions (Fig. 2C-F) , and using chp-Gal4 to overexpress Wnd in wild-type R7s is sufficient to cause overextensions ( Fig. 2G ; Fig. S2E ,E′). We conclude that Hiw is required to repress Wnd in R7 growth cones to promote normal halting. As in other systems (Collins et al., 2006; Fernandes et al., 2014; Shin and DiAntonio, 2011; Wang et al., 2013) , loss of wnd does not disrupt R7 growth cone morphology or connectivity (Fig. 2C ,C′,E,F; data not shown).
During R7 growth cone halting, Wnd is also repressed by negative feedback from JNK To test whether Wnd disrupts R7 halting by acting upstream of JNK (Bsk -FlyBase) (Hirai et al., 2002; Collins et al., 2006; Eto et al., 2010; Yan and Jin, 2012) , we co-expressed Wnd with a dominantnegative version of JNK (JNK DN ; Weber et al., 2000) . We found that JNK DN almost completely eliminates the processes that Wndoverexpressing R7 growth cones extend ( Fig. 2G; Fig. S2F,F′) , indicating that Wnd acts upstream of JNK in this process. However, we also noticed that expressing JNK DN in R7s significantly increases Wnd levels in R7 growth cones (Fig. 1E ). Consistent . At 24 h APF, wild-type R7 growth cones (A,A′) have halted at their medullar target layer but remain expanded. hiw mutant R7 growth cones (B,B′) contain significantly more anti-Wnd staining (E) and extend processes beyond their target layer (arrowheads). We note that loss of Hiw also increases anti-Wnd staining in R8 growth cones at this time ( Fig. 1A-B′ ; data not shown). However, by 60 h APF, hiw mutant R7 growth cones are indistinguishable from wild type and contain significantly less anti-Wnd staining than at 24 h APF (C-E). The level of anti-Wnd staining in wild-type R7 growth cones is indistinguishable from that in wnd deletion mutants at each time point, indicating that R7 growth cones normally express little or no Wnd protein during both halting and bouton development. Using chp-Gal4 to drive expression of dominant-negative JNK (JNK DN ) in R7s also significantly increases anti-Wnd staining in their growth cones at 24 h APF, indicating that JNK provides negative feedback to Wnd (see Fig. 2 ). Error bars represent s.e.m. **P<0.001, ***P<0.0001 based on twotailed t-tests. n=14, 16, 5, 6, 10, 17 and 8 brains, from left to right on the graph. n.d., no data. Scale bars: 5 μm.
with our finding that Wnd requires JNK to disrupt R7 growth cone halting, JNK DN does not disrupt R7 growth cone halting, despite the increased Wnd (Fig. S2D,D′) . We conclude that during R7 growth cone halting, JNK acts in a negative-feedback loop that contributes to restricting Wnd levels (Fig. 2H) . Mammalian JNK acts in a positive-feedback loop to increase DLK levels during axon regeneration (Huntwork-Rodriguez et al., 2013) . However, JNKmediated negative feedback has not previously been reported.
As R7 growth cones become boutons, Wnd must be repressed to prevent a different defect: lateral extension within their target layer
We next examined the effects of increased Wnd during phase 2 of R7 growth cone development. We again used the chp promoter driving GFP expression to label R7 and R8 axons and examined two later time points that span R7 bouton development: (1) 40 h APF, when wild-type R7 axon terminals start assembling active zones but are still expanded and extend multiple thin processes; and (2) 60 h APF, by which time R7 terminals have many active zones, are condensed, and extend fewer processes (Ting et al., 2005; Chen et al., 2014; Özel et al., 2015; see below) . We hypothesized that the early defect in R7 growth cone halting caused by hiw loss might simply persist or worsen at these time points. However, we found instead that R7 axon terminals in hiw mutants are indistinguishable from wild type at both 40 and 60 h APF (Fig. 3A ,B,D,E,G,H). We conclude that, despite the modestly increased Wnd levels that persist in older hiw mutant R7 growth cones, the earlier effects on R7 growth cone morphology are somehow later corrected, and R7 growth cones develop into morphologically normal boutons.
One possibility is that older R7 growth cones simply become insensitive to increased Wnd levels. Alternatively, the Hiwindependent decrease in Wnd levels that we observed between halting (24 h APF) and bouton development (60 h APF) might allow R7 growth cones to become boutons. To distinguish between these, we used chp-Gal4 to drive increased expression of Wnd in wild-type R7 neurons -the same manipulation that disrupts R7 growth cone halting at 24 h APF ( Fig. 2G ; Fig. S2E ,E′). We found that despite the prolonged high Wnd levels, the R7 growth cone halting defect is substantially corrected by 48 h APF: only 1.6±0.71% of R7 axon terminals extend processes beyond their target layer at this time point Yellow arrows in A indicate the R7 and R8 target layers. (E-G) Quantifications of R7 growth cone phenotypes. hiw mutant R7 growth cones are elongated (B,B′,E; two-tailed t-test) and extend processes beyond their target layer (arrowheads; processes of at least 3 µm are quantified in F; twotailed t-test). R8 growth cones occasionally terminate between the R8 and R7 target layers (arrows in B,B′; 1.7±0.6% versus <0.08% in wild type; Fig. S2B ,B′). Loss of wnd has no effect on wild-type R7 growth cones (C,C′,E,F) but restores the morphology of hiw mutant R7 growth cones to that of wild type (D-F; onetailed t-tests, *P<0.01). R8 growth cones also occasionally extend beyond their target layer in both wnd (data not shown) and hiw; wnd mutants (arrows in D,D′). (G) Using chp-Gal4 to drive co-expression of Wnd (wnd ( Fig. 3C ,G) compared with 11.6±2.2% at 24 h APF (P<0.001).
However, a significant number of R7 axon terminals at 48 and 60 h APF instead extend laterally and contact adjacent neighbors ( Fig. 3C ,H). Co-expressing JNK DN together with Wnd completely ameliorates both defects ( Fig. 3G,H) . We conclude that older R7s are sensitive to increased Wnd, suggesting that the Hiw-independent mechanism that contributes to repression of Wnd during bouton development serves a protective purpose (Fig. 3I) . Although the bouton defect caused by increased Wnd is different from the earlier halting defect, Wnd acts through JNK in each case.
Wnd overexpression and Ttk69 loss cause similar defects in R7 bouton development
We previously found that the transcriptional repressor Ttk69 is specifically expressed in R7s after their growth cones halt and is required to prevent a defect in R7 bouton development similar to that caused by Wnd overexpression (Kniss et al., 2013) . To compare directly the effects of Wnd and Ttk69 on R7 growth cones, we used GMR-FLP/MARCM to generate individual GFP-labeled R7s that were wild type (Fig. 4A ,E,H), wild type but overexpressing Wnd (Fig. 4B,C,F,I ), or ttk69 mutant (Fig. 4D ,G,J). Consistent with our previous results, individual R7s overexpressing Wnd at 24 h APF have elongated growth cones that extend processes beyond their target layer (Fig. 4B) ; in addition, some are expanded laterally (Fig. 4C) , a defect that was obscured when all R7 growth cones were labeled. At this early time point, Ttk69 is not yet expressed in R7s and ttk69 mutant R7 growth cones are normal (Kniss et al., 2013; Fig. 4D) . By 48 and 60 h APF, R7s overexpressing Wnd frequently extend laterally, causing overlap with neighboring wild-type R7 terminals (Fig. 4F,I ); some also extend branches within the M1 layer (data not shown). These defects resemble those caused by Ttk69 loss (Fig. 4G,J) , although Ttk69 loss additionally causes some branching in the M3 layer (Fig. 4J) . We conclude that Wnd acts cell-autonomously to disrupt R7 growth cone morphology and that Wnd gain and Ttk69 loss cause similar defects in bouton morphology. To assess synapse assembly within these boutons, we used the STaR technique (synaptic tagging with recombination; Chen et al., 2014) to label the active zone component Bruchpilot (Brp). We found that Brp puncta in R7s overexpressing Wnd or ttk RNAi are concentrated within the M6 layer as in wild type ( Fig. 4K,K′ ; data not shown; Chen et al., 2014) , and also localize to the lateral extensions that occur within M6 ( Fig. 4K,K′ ; data not shown). By contrast, Brp puncta are largely absent from the few forward-projecting processes that persist in older R7s overexpressing Wnd (Fig. 4L,L′) . We conclude that Wnd gain and Ttk69 loss do not prevent the abnormal R7 boutons from assembling Brp puncta in the correct layer.
Ttk69 acts in parallel with Hiw and JNK to decrease Wnd protein levels in R7 axon terminals as they become boutons
Because of the similarity of the R7 bouton defects caused by Wnd overexpression and Ttk69 loss, we next tested whether Ttk69 might be responsible for the Hiw-independent repression of Wnd during this process. We found that disrupting Ttk69 does not significantly increase Wnd levels at 48 or 60 h APF (Fig. 5A) . However, simultaneous loss of Hiw and Ttk69 in R7s causes a striking increase in Wnd, well beyond the sum of that caused by loss of either alone (Fig. 5A) . We conclude that Hiw and Ttk69 act redundantly in R7s to keep Wnd repressed as their growth cones become boutons (Fig. 5C) .
We next tested whether JNK represses Wnd during bouton development, as it does during halting. Disrupting JNK in R7s does not increase Wnd levels at 48 h APF (Fig. 5A) . However, simultaneous disruption of JNK and Ttk69, like simultaneous disruption of Hiw and Ttk69, causes a significantly greater-thanadditive increase in Wnd levels in R7 axon terminals (Fig. 5A) . We conclude that JNK continues to act in a negative-feedback loop to restrict Wnd levels in R7 terminals during bouton development but, like Hiw, is redundant with Ttk69 during this process (Fig. 5C ).
To test whether Ttk69, a transcriptional repressor, might directly regulate wnd transcription, we used qRT-PCR to quantify the levels of wnd mRNA in wild-type retinas and in retinas in which all R neurons expressed ttk RNAi. We found no difference, despite being able to detect a significant difference between the wild-type retinas and retinas in which R neurons overexpressed wnd (Fig. 5B) . We also found that wild-type wnd mRNA levels do not detectably decrease between 30 and 48 h APF (Fig. S3A) . We conclude that Ttk69 is unlikely to repress Wnd transcriptionally, although there may instead be R7-specific differences in wnd mRNA levels that we were unable to detect. We examined whether Ttk69 might regulate levels of fat facets mRNA, which encodes a deubiquitinase that acts in parallel with Hiw to regulate Wnd stability, but again found no difference (Fig. S3B) . We conclude that Ttk69 acts in parallel with Hiw but upstream of an unknown factor to repress Wnd in R7 growth cones as they become boutons (Fig. 5C ).
As R7 growth cones become boutons, Wnd overexpression disrupts the reorientation of microtubule-containing processes and the downregulation of their extension and retraction rates
The DLK/JNK pathway is known to regulate microtubule organization and stability (Hirai et al., 2002 (Hirai et al., , 2006 (Hirai et al., , 2011 Lewcock et al., 2007; Eto et al., 2010; Hendricks and Jesuthasan, 2009; Feltrin et al., 2012; Ghosh-Roy et al., 2012) , but its specific effect on the transition from motile growth cone to stable bouton has not been examined. Having established that increased Wnd disrupts this transition, we wanted to determine the mechanism in more detail. To do so, we caused R7s to express GFP-tagged EB1, which binds microtubule plus-ends (Rolls et al., 2007) , and we imaged their axon terminals in unfixed ex vivo brains. We found that even in static images these preparations allowed us to detect more details of R7 axon terminal morphology than are visible in fixed samples. We focused on two time points during R7 bouton development. At 40 h APF, wild-type R7 axon terminals are still expanded (Fig. 6A,G) , most have two or more EB1-GFP-containing processes of at least 0.5 μm extended at any given time (Fig. 6H) , and these processes are primarily oriented at 180°relative to the axon shaft (Fig. 6I) . By 48 h APF, wild-type R7 axon terminals have condensed significantly (Fig. 6D,G) , most have only one EB1-containing process (Fig. 6H) , and that process is even more likely to extend directly forward (Fig. 6I ). In addition, both the average extension and retraction rates of EB1-containing processes decrease significantly between the two time points (Fig. 7A,B ,G,H; Movies 1 and 2).
We next quantified the behavior of R7s that overexpress Wnd. At 40 h APF, their axon terminals are of normal size (Fig. 6B,G) , and their EB1-containing processes have normal average extension and retraction rates (Fig. 7C,G,H; Movie 3) . However, each terminal extends significantly more processes (Fig. 6H) , and these processes are less likely to be oriented at 180° (Fig. 6I) . By 48 h APF, Wndoverexpressing R7 axon terminals have condensed (Fig. 6E,G) and reduced their number of processes (Fig. 6H ), similar to wild type. However, these processes remain less forward-oriented (Fig. 6I ) and fail to reduce their extension and retraction rates (Fig. 7D,G,H ; Movie 4). These results support a model in which Wnd does not specifically promote microtubule assembly or disassembly in R7s but instead increases overall microtubule movement and disrupts microtubule orientation (Fig. 8) .
Wnd overexpression and Ttk69 loss have overlapping but distinct effects on R7 bouton development
The defects in R7 bouton development caused by Ttk69 loss are similar to those caused by Wnd gain but are more frequent and severe (Kniss et al., 2013) . We wanted to determine whether this is clones generated by GMR-FLP/MARCM express mCD8-GFP (green). All R7 and R8 axons are labeled with anti-Chp (red). (A,E,H) Wild-type (homozygous FRT82) R7 axon terminals are roughly spherical at all time points and, by 60 h APF, rarely contact their neighbors (0.4±0.25%; n=11 brains). By contrast, at 24 h APF (B), R7s overexpressing Wnd have elongated axon terminals that partly extend beyond the R7 target layer (arrowhead), although some expand into neighboring terminals (C; chevron). During their transition into non-motile boutons, the growth cones of R7s overexpressing Wnd have axon terminals that extend laterally and overlap with their wild-type neighbors (chevrons in F,I; 11.3±0.97% at 60 h APF; n=14). Although ttk69 mutant R7 growth cones are indistinguishable from wild type at 24 h APF (D), they also extend laterally and overlap with their wild-type neighbors in both the M6 (chevrons) and M3 (arrow in J) layers when they should instead be becoming stationary boutons (G,J; 23.8±1.9% at 60 h APF; n=7). (K-L′) Pupal medullas (25°C) in which R7s overexpress Wnd and also express endogenous levels of the active zone marker Brp-GFP (green) by means of the STaR technique (Chen et al., 2014) . (K,K′) Brp-GFP puncta accumulate within the M6 layer, as in wild type, but are also present in R7 axons that extend laterally within M6 (chevrons). Brp-GFP puncta localize similarly in R7s expressing ttk RNAi (data not shown). (L,L′) By contrast, Brp-GFP puncta are absent from most processes that Wndoverexpressing R7s extend beyond the M6 layer (50 of 76 processes scored lacked GFP; arrow points to the M6 layer); when present, the puncta accumulate adjacent to medulla neuropil (arrowheads; see supplementary Materials and Methods for more details on Brp-GFP localization). Scale bars: 5 µm.
because Ttk69 loss has a similar but more severe effect on R7 growth cone dynamics or if instead Ttk69 loss causes a distinct defect. Our results suggest that the latter is the case. Like Wnd overexpression, Ttk69 loss disrupts the forward reorientation of EB1-GFP-containing processes as R7 growth cones become boutons (Fig. 6I ) and prevents the normal reduction of process extension rate (Fig. 7F,G ; Movie 5). However, unlike Wnd overexpression, Ttk69 loss also prevents R7 axon terminals from condensing (Fig. 6F,G) and decreasing the number of their EB1 processes (Fig. 6H) , and does not prevent them from reducing their process retraction rate ( Fig. 7F,H; Movie 6 ). Perhaps as a consequence of disrupting the balance between retraction and extension, the length of EB1-containing processes increases significantly (Fig. 7I) .
We previously found that Ttk69 promotes R7 bouton development, in part, by promoting Activin/Baboon (Babo) signaling (Kniss et al., 2013) . We therefore examined whether the difference between Wnd gain and Ttk69 loss might be explained by the latter's effect on Activin/Babo. Consistent with this possibility, we found that Babo loss, like Ttk69 loss, specifically increases the average process extension rate of R7s (Fig. 7G,H) . However, we also found that Babo loss, unlike Ttk69 loss, does not increase average R7 process length (Fig. 7I) or number (Fig. 6H) , confirming that Ttk69 does not act exclusively through this pathway. We conclude that Ttk69 is likely to coordinate the regulation of multiple factors that influence the behavior of R7 growth cones as they become boutons.
DISCUSSION Wnd levels in developing R7s are temporally regulated by Ttk69
Elevated DLK protein levels enhance a neuron's ability to repair axon damage but impair its ability to form appropriate connections during development. DLK levels must therefore be carefully regulated. Here, we show that, like other neurons, R7s use a PHR protein, Hiw, to keep Wnd levels low enough for their growth cones to halt properly at their targets. However, R7s later deploy a transcription factor, Ttk69, in parallel with Hiw to repress Wnd as their growth cones develop into presynaptic boutons. This temporal repression of DLK has not previously been reported but would make sense if growth cones become less tolerant of stochastic fluctuations in DLK as they are becoming boutons. However, by adding PHR-independent mechanisms of DLK repression, maturing neurons would presumably express less DLK upon injury: in R7s, for example, Ttk69 would presumably continue to repress Wnd even if injury were to release Wnd from Hiw-mediated repression. In worm, the diminished capacity of older adults to recover from axon injury is caused by such a mechanism: as adult worms age, insulin/IGF1 signaling represses DLK transcription, thereby limiting the increase in DLK after injury (Byrne et al., 2014) . Our findings suggest that temporal control of DLK during development is used to protect connectivity despite potentially limiting regenerative capacity.
Wnd levels in R7s are repressed by JNK-mediated negative feedback
Like most signal transduction cascades, MAPK pathways can contain negative or positive feedback (Brummer et al., 2003; Fritsche-Guenther et al., 2011) . In mouse neurons undergoing injury, JNK provides positive feedback within the DLK pathway by directly phosphorylating and thereby stabilizing DLK (HuntworkRodriguez et al., 2013) . By contrast, in R7s, JNK provides negative feedback within the DLK pathway by decreasing DLK protein Fig. 5 . As R7 growth cones become presynaptic boutons, Ttk69 acts in parallel with Hiw and JNK-dependent negative feedback to repress Wnd. (A) Quantification of anti-Wnd levels in R7 axon terminals at 48 and 60 h APF (29°C). Loss of hiw alone moderately increases Wnd levels in R7 axon terminals at both time points (note: values for wild type and hiw mutant at 60 h APF are reproduced from Fig. 1 ). This increase is significantly less than that caused by chp-Gal4-driven expression of UASwnd (wnd OE ). Loss of ttk69 alone from R neurons (caused by ttk RNAi) has no significant effect on Wnd levels in R7 axon terminals. However, loss of both hiw and ttk69 causes a striking, significantly greater-thanadditive increase in Wnd levels in R7 terminals at both time points. This increase was observed not only when R neurons expressed ttk RNAi in hiw null mutant animals but also when R neurons co-expressed ttk RNAi and hiw RNAi. Similarly, loss of JNK alone (caused by JNK DN ) has no significant effect on Wnd levels, but loss of both JNK and ttk69 (caused by co-expression of ttk RNAi and JNK DN ) results in a significantly greaterthan-additive increase in Wnd levels in R7 axon terminals. *P<0.01, **P<0.001 and ***P<0.0001 based either on two-tailed t-tests for pairwise comparisons or a two-way ANOVA to test for greater-than-additive effects of disrupting two genes (Slinker, 1998) . Error bars represent s.e.m. n=19, 12, 11, 12, 19, 15, 11, 21, 16, 16, 17, 8 and 11 brains from left to right on the graph. (B) Quantification of retinal wnd transcript levels at 48 h APF measured by qRT-PCR. Retinas in which all R neurons express ttk RNAi under the control of chp-Gal4 have wnd transcript levels that are not significantly different from those in wild type; retinas in which R neurons express wnd under the control of chp-Gal4 do have significantly increased wnd transcript levels (*P<0.01). n=3 biological replicates, error bars represent s.e.m. (C) Model summarizing the roles of Hiw, Wnd, JNK and Ttk69 in R7s as their growth cones become presynaptic boutons. levels. One possibility is that positive and negative feedback coexist in the DLK pathway in mouse and fly. Negative feedback occurs during development, when the pathway must be restrained, whereas positive feedback takes over upon injury, in order to promote a swift and sustained DLK response. Alternatively, our result may reflect a cell-or species-specific mechanism. In support of the latter possibility, the sites within mouse DLK that are known to be phosphorylated by JNK are not conserved in fly Wnd (Huntwork-Rodrigues et al., 2013) . However, one conserved but untested MAPK consensus phosphorylation site, S643 in mouse and S715 in fly, remains a candidate for phosphorylation and consequent regulation by JNK in both species.
The R7 growth cone defect caused by Wnd overexpression changes over time Wnd overexpression in R7s causes two distinct defects: their growth cones initially extend thin processes beyond their targets; these processes are later eliminated and instead the growth cones extend laterally. Each defect resembles one or more observed in other systems (for example, Lewcock et al. (2007) and Wang et al. (2013) , respectively). However, why the defect changes over time is unclear. At each time point, the R7 growth cones maintain contact with the correct target layer, consistent with previous evidence that DLK overexpression does not prevent growth cones from responding to extrinsic cues (Lewcock et al., 2007; Shin and DiAntonio, 2011) . One possibility is that the extrinsic medullar environment initially allows Wnd-overexpressing R7 growth cones to send out forward-oriented processes but later constrains them, causing them to 'burst out' laterally. Our finding that Brp puncta are present within the abnormal lateral extensions in M6 but absent from forward-oriented processes suggests a model in which the lateral extensions are preferentially stabilized by the same adhesive interactions with M6 that cause active zones to be assembled within them. Alternatively, an intrinsic R7 developmental program might n=20, 27, 30, 23, 22, 16 and 18 terminals from left to right on the graphs. The areas of both wild-type (A,D) and wnd-overexpressing R7 axon terminals (B,E) decrease significantly as they become boutons (compare 40 and 48 h APF; G). By contrast, loss of ttk69 causes R7 axon terminals to increase in area (C,F,G). babo RNAi-expressing R7 axon terminals are abnormally large at 48 h APF but not as large as those expressing ttk RNAi (G). *P<0.01, **P<0.001, and ***P<0.0001 based on two-tailed t-tests. (H) wnd overexpression increases the number of EB1-GFP-positive R7 processes present at 40 h APF (P<0.0001 based on Fisher's exact test), but the number of these processes decreases to wild-type levels by 48 h APF. By contrast, ttk RNAi causes an increase in process number that increases further by 48 h APF (P<0.0001 compared with wild type, Fisher's exact test). R7s expressing babo RNAi have a wild-type number of processes at 48 h APF. Only processes ≥0.5 µm in length were counted. (I) Histogram plots of R7 process angles relative to the axon shaft. Most wild-type EB1-GFP-positive processes point 'forward' (at angles between 150°and 180°) even at 40 h APF (n=30 processes), and the proportion that do so increases by 48 h APF (n=36). By contrast, R7s overexpressing wnd have a broader distribution of process angles at both time points, and the proportion that point forward does not increase between 40 (n=60) and 48 h APF (n=33). ttk69 RNAi does not disrupt the primarily forward orientation of R7 processes at 40 h APF (n=45), but does so by 48 h APF (n=42). Finally, babo RNAi does not disrupt R7 process orientation even at 48 h APF (n=22). P values are based on Kolmogorov-Smirnov tests.
be responsible. DLK can switch between promoting microtubule stability and instability at different stages of a neuron's development (Hirai et al., 2011) . Perhaps increased Wnd propels R7 axon shafts forward when R7 growth cones are already moving forward but has a different effect as R7 terminals are attempting to become stationary boutons.
To examine this in more detail, we used live imaging of EB1-GFP to follow the effect of Wnd on R7 microtubules. The high levels of EB1-GFP required to visualize R7s prevented us from observing 'comets' (Morrison et al., 2002) , but a comparison of our observations with a recent R7 study using a membrane-bound GFP (Özel et al., 2015) suggests that even overexpressed EB1-GFP remains associated with microtubules: we counted fewer GFPpositive processes than were observed with the membrane-bound GFP, and our processes extended and retracted at lower rates. We therefore believe our analysis reflects the behavior of pioneer microtubules, which escape the growth cone's central domain and explore a subset of actin-based growth cone filopodia (Lowery and Van Vactor, 2009; Bearce et al., 2015) . We found that Wnd overexpression increases the number of EB1 processes in younger R7s (40 h APF), suggesting that Wnd initially promotes microtubule stability. However, Wnd does not prevent older R7 growth cones from condensing or decreasing their number of EB1 processes and instead increases the overall movement of EB1 processes, suggesting that Wnd does not promote microtubule stability during bouton development. The additional disruption of microtubule orientation by Wnd could account for the lateral extensions, as the orientation of pioneer microtubules is strongly associated with the direction of growth cone consolidation (Bearce et al., 2015) .
Ttk69 coordinates multiple pathways that regulate growth cone behavior
We performed several experiments to test the functional significance of the increased Wnd expression in R7s when both Hiw and Ttk69 are disrupted. We found that loss of hiw did not Fig. 7 . Wnd overexpression and Ttk69 loss have overlapping but distinct effects on the dynamics of R7 growth cones as they become boutons. (A-F) Images of live R7 axon terminals labeled with chp-Gal4, UAS-EB1-GFP at 40 and 48 h APF (29°C) at 1-min intervals. Scale bars: 3 µm. Arrowheads mark onsets of extensions, arrows mark onsets of retractions. In all genotypes, some processes remain stationary (asterisks). Processes that contact neighboring terminals (chevrons) were excluded from our analysis. (G-I) Quantifications of EB1-GFP-positive processes. Error bars represent s.e.m. *P<0.01, **P<0.001, ***P<0.0001 based on pairwise two-tailed t-tests. From left to right on the graphs: n=37, 35, 26, 27, 44, 20 and 23 processes (G); n=34, 29, 24, 29, 42, 16 and 25 processes (H); n=30, 36, 60, 33, 45, 42 and 22 processes (I) . The rates at which wild-type EB1-GFP-containing processes extend and retract decrease significantly as R7 terminals become boutons (compare 40 and 48 h APF; A,B,G,H). Wnd overexpression (C,D) prevents these decreases (G,H). Ttk69 loss (E,F) and Babo loss only prevent the decrease in extension rate (G,H). Ttk69 loss increases average process length (I).
enhance the R7 defect caused by Ttk69 loss (Fig. S3C-I ). Nor did disrupting Wnd or JNK ameliorate the R7 defect caused by Ttk69 loss (Fig. S3C-I ). We also found that loss of Ttk69 and overexpression of Wnd have overlapping but distinct effects on the morphology and behavior of R7 growth cones. Together, these results are consistent with Ttk69 acting upstream of one or more additional regulators of growth cone dynamics that act in parallel with the Wnd/JNK pathway: in the absence of Ttk69, these other regulators severely disrupt R7 growth cone behavior whether or not Wnd is further increased or decreased (Fig. 8B) .
MATERIALS AND METHODS

Flies
Drosophila melanogaster were raised at 25°C ( Fig. 2A-F ; Fig. 3A-F′;  Fig. 4) or 29°C ( Fig. 1; Fig. 2G; Fig. 3G,H; Figs 5-7) . We observed no difference between the sexes. For strains and genotypes, see supplementary Materials and Methods.
Fixed images
Brains were dissected, fixed and stained as in Miller et al. (2008) . Staining was done in parallel with controls, and phenotypes were scored blind. Images were collected on a Leica SP2 microscope and analyzed using Fiji (http://fiji.sc; Schindelin et al., 2012) . For a list of antibodies, see supplementary Materials and Methods. Brp puncta within R7 terminals were labeled by the STaR method as in Chen et al. (2014) , using 20C11-FLP and chp-Gal4. To quantify Wnd protein levels in R7 axon terminals, we generated regions of interest (ROIs) by tracing ∼20 R7 terminals per optic lobe while blind to the anti-Wnd channel (Fig. S1A-B′) . We then measured anti-Wnd fluorescence intensities within these ROIs. To control for variability in immunostaining, we normalized the average anti-Wnd intensity in R7s of each brain to the average anti-Wnd fluorescence intensity of adjacent medulla neuropil (Fig. S1A-C) . See supplementary Materials and Methods for additional details on our quantification of R7 phenotypes. All images, ROIs and raw data are available upon request.
Live images
We adapted the protocol of Williamson and Hiesinger (2010) : each pupa was removed from its case and its head isolated in HL3 (Broadie, 2000) with visual system intact. Brains taken at 40 h APF required no further dissection. Brains taken at 48 h APF often required further removal of cuticle from the posterior head for optical access. Brains and fat bodies were transferred together in HL3 to imaging chambers (Cabernard and Doe, 2013) and immobilized using WormGlu (Glushield) on gas-permeable membranes (YSI). Brains were mounted dorsal-side down and images acquired from the ventral, posterior part of the medulla at a depth of three to four R7 axon terminals. We used a Leica DMI400B spinning disk microscope to image ∼3 μm z-stacks (acquired in 0.3 μm z-steps) at 30 s intervals during a 30 min period. Images were processed using Fiji: we generated max projections of seven to ten z-steps encompassing the total thickness of an R7 terminal and corrected for lateral drift using TurboReg. The length of each process was measured from the edge of the pixel-dense growth cone to the tip of each projection. Discrete extension and retraction events (defined as a change in length of at least 0.5 μm) were identified manually, and the lengths of processes at the beginning and the end of each event (defined as a pause or a reversal in direction) were measured to determine average rates (calculated by dividing the change in length by the change in time during a given event). Instantaneous velocity was not measured. All images and raw data are available upon request.
Quantitative RT-PCR
qRT-PCR was performed using KAPA SYBR FAST ABI Prism qPCR master mix (Kapa Biosystems) on cDNA synthesized using oligo (dT) 18 primer and Maxima H-Minus reverse transcriptase (Thermo Scientific). cDNAs were generated from 1 μg of Trizol-isolated RNA from 10-20 pairs of dissected pupal retinas per biological replicate. Retinas were dissected on ice and tissue flash-frozen in Trizol. Relative mRNA expression was normalized using a control transcript (RpL32) to calculate ΔCTs (threshold cycles). Expression level comparisons between genetic manipulations or developmental time points were made using the ΔΔCT method. ΔCT values were used for two-tailed t-tests to determine statistical significance. See supplementary Materials and Methods for primer sequences. Raw CT values are available upon request.
